Upper airway dilator muscles play an important role in the pathophysiology of sleep apnea hypopnea syndrome (SAHS). The mechanical and structural characteristics of these muscles remain unknown. The aim of this study was to compare the physiologic, metabolic, and fiber type characteristics of one upper airway dilator muscle (musculus uvulae, MU) in 11 SAHS and in seven nonapneic snorers. The different analyses were done on MU obtained during uvulo-palato-pharyngoplasty. Snorers and SAHS differed only in their apnea + hypopnea indices (11.5±5.9 and 34.2±14.6/h, respectively, mean±SD). Absolute twitch and tetanic tension production of MU was significantly greater in SAHS than in snorers while the fatigability index was similar in the two groups. Protein content and anaerobic enzyme activities of MU were signillcantly greater in SAHS than in snorers; no difference was observed for aerobic enzyme activities. The total muscle fiber cross-sectional area of MU was signfficantly higher in SAHS (2.2±0.9 mm') than in snorers (1.1±0.7 mm2). The surface occupied by type HIA muscle fibers of MU was larger in SAHS (2.00±0.96) than in snorers (0.84±0.63 nu2). We conclude that the capacity for tension production and the anaerobic metabolic activity of MU are greater in SAHS than in snorers. (J. Clin. Invest. 1995. 95:20-25.) Key words: upper airway collapsibility . upper airway dilator muscle * muscle fatigue, muscle fiber area * metabolic profile * human skeletal muscle
Introduction
The sleep apnea hypopnea syndrome (SAHS), is characterized by repetitive episodes of upper airway obstruction. The estimated prevalence of this syndrome in general population is 2% in women and 4% in men ( 1) . Upper airway (UA) collapsibility is increased in SAHS patients (2) ; this can be accounted for by several factors, such as a decrease in UA caliber (3) , changes in mucosal characteristics (4) , or changes in the lung-volume dependence of UA patency (5) . UA collapse results from an imbalance between the forces that tend to occlude UA (negative transmural inspiratory pharyngeal gradient), and those that open it, such as the contraction of UA dilator muscles (6) . These muscles are largely involved in the maintenance of UA patency: an increase in the activity of these muscles is associated with a decrease in UA resistance and collapsibility (7) . Inversely, pharyngeal resistance and collapsibility increase with the decrease in UA muscles' electromyographic (EMG) activity (8) (9) (10) (11) . In SAHS, upper airway obstruction occurs at the nadir of the genioglossus muscle EMG activity (6) .
The activity of UA dilator muscles partially determines the mechanical effects of their contraction (12, 13) . The overall increase in the activity of these muscles can account for the increase in UA dilation ( 14) and the decrease in UA resistance (15) with increasing respiratory efforts. Since pharyngeal airways are not supported by rigid structures, UA muscles are important in determining their patency. Several reports suggest that UA closure is prevented by a hyperactivity of UA dilator muscles during wakefulness, and that the sleep-related loss of this neuromuscular compensation leads to the occurrence of obstructive breathing disorders (16, 17) . The hyperactivity of UA muscles tends to compensate for the greater transmural pressure gradient and UA collapsibility.
Even if previously described data suggest that UA dilator muscles play an important role in the pathophysiology of SAHS, little is known on their contractile, histochemical, and biochemical properties. Previous studies have focused on the electromyographic activity of these muscles (16) (17) (18) , but their mechanical and structural characteristics have not been studied. Since the effective pressure generated by the contraction of dilator muscles clearly depends on these characteristics, it is critical to determine how UA muscles respond to this compensatory hyperstimulation. Interestingly, Smirne et al. (19) Measurements of contractile properties and fatigability. Isometric contractile properties were measured as previously described (24) . Contractile properties were measured in vitro in a buffered physiological salt solution (Krebs-Ringer's) maintained at 350C and supplemented with glucose (2 mg/ml) and curare (20 jig/ml). The pH of the bathing solution was stabilized at 7.4 by equilibration with a gas mixture of 95% 02-5% C02. Muscles were placed in a vertical bath and secured at each end with silk sutures. They were then stimulated with supramaximal pulses of 1.0 ms delivered through platinum electrodes. The output of the stimulator (model S-48; Grass Instrument Co.) was increased by a power amplifier (Stimu-Splitter II; Med-Lab Instruments, Loveland, CO) such that the stimulation voltage in the bathing solution was 25 V. The first step of the protocol always consisted in finding the muscle optimal length (L<), defined as the length at which maximal isometric twitch tension was produced. Muscles were then allowed to equilibrate with the incubation medium for 25 min. At the end of the equilibration period, a twitch contraction was elicited, and the following measurements were obtained: maximum twitch tension (Pt), contraction time, and half-relaxation time. Immediately after measurement of the twitch parameters, a force-frequency curve was obtained by stimulating the muscle for 700 ms at frequencies of 20, 35, 50, 80, and 100 Hz. The muscles were given a 60-s-rest between each tetanic contraction, and maximum tetanic tension (P0) was then recorded. A 5-min rest period followed the last tetanic contraction. The fatigue protocol was administered at the end of this resting period. It consisted in eliciting one 330-ms tetanic contraction at 40 Hz/s for 2 min. A fatigability index corresponding to the percentage of initial tension at the end of the 2 min of intermittent stimulation was measured. The muscle length was measured before it was removed from the chamber. The sample was then blotted and weighed at the end of each experiment.
Fiber typing: and area measurements. Once physiological measurements were completed, all MU samples were sectioned in two pieces at about half of their length. One of these pieces was frozen in isopentane cooled at about -160°C with liquid nitrogen for histochemical analyses, whereas the other half was frozen in liquid nitrogen for the biochemical analyses. These frozen samples were kept at -70°C until processing.
For the histochemical analyses, 10 Am thick transverse sections were cut from the middle region of the frozen MU sample in a cryostat maintained at -200C. These sections were stained for myofibrillar ATPase activity according to the single-step ethanol-modified technique described by Mabuchi and Sreter (25) (20) . An apneic event was defined as a cessation of the oro-nasal flow for at least 10 s, and an hypopnea as a 50% reduction in the sum signal of the Respitrace (Ambulatory Monitoring) associated with a desaturation > 4% and/or an arousal (31, 32) . Breathing disorders were classified as obstructive when they were accompanied by a progressive increase in respiratory efforts. Snoring was defined as a spike in breathing sound intensity > 60 decibels (21 ) . The diagnosis of SAHS was retained in 11 patients whose apnea + hypopnea index was > 15/h (31). The other seven subjects were classified as snorers. Comparisons between the snorers and SAHS groups were done with a t-test on observation ranks (33) with a P value < 0.05 as a level of significance.
Results
Anthropometric characteristics were identical in snorers and SAHS (Table I ). The presence of sleep fragmentation and the changes in sleep architecture observed in SAHS (Table I) (Fig. 1) . These significant differences were still observed when the outlier value of each group is eliminated. To evaluate the influence of MU total muscle fiber cross-sectional area on the differences in tension production between the 
Discussion
The major findings of the current study is that MU of SAHS has characteristics similar to those commonly found in resistive Snorers and SAHS clearly differed in their breathing characteristics during sleep, and snorers were considered as a control group. However, since sleep-induced increases in UA resistance can occur in snorers even in the absence of apneic or hypopneic events (39), we cannot infer that snorers represent a normal group. Our study population consisted of snorers and SAHS because they can benefit from UPPP and there is no other medical indication for this surgical procedure. It would be unethical to sample MU from healthy nonapneic nonsnorers because of the surgical procedure itself and the postsurgery rehabilitation requirements. MU morphology has been studied previously in "normal" subjects during autopsy (40) . However, physiologic measurements need to be done on fresh tissues, and any delay in the measurements or anoxic tissular damages can alter muscular contractile properties. Therefore, the study of postmortem muscular samples obtained from nonsnorers could not be considered as representative of normal tissues. Furthermore, sleep and breathing characteristics cannot be obtained in an autopsy group. Since asymptomatic sleep-induced respiratory disorders are commonly observed in the general population (1), we strongly believe that it is particularly important to document the presence or absence of snoring and sleep-related breathing abnormalities for such a study. Stauffer et al. (40) previously reported that uvula of SAHS patients contains a greater proportion of muscle and fat than those of normal subjects, but they were unable to find this difference between SAHS and snorers. Even if these two groups do not differ in their uvular morphological characteristics, our results demonstrate that the presence of sleep-related breathing abnormalities is associated with modifications in the physiological and metabolic profiles of the MU. The higher level of force production and anaerobic enzyme activities observed in the present study suggest that there is no myotonic or dystrophic disorder of UA muscles in SAHS.
As previously discussed, the force generated by the contraction of UA dilator muscles has a key role in the pathophysiology of SAHS. SAHS patients have more phasic genioglossus EMG activity than awake (16) and sleeping control subjects (18) .
This increased muscular activity can be seen as a compensatory mechanism to the increase in UA resistance and compliance (2, 41) , as suggested by the reduction in EMG activity with the application of continuous positive pressure that normalizes the breathing pattern (42) . In our study, the higher force developed by MU in SAHS than in snorers can be linked to the larger total muscle fiber cross-sectional area, as supported by the similar tetanic tensions developed by MU when PO was normalized for total muscle fiber cross-sectional area. This increase in muscle force is consistent with the significantly higher decrease in UA resistance during CO2 rebreathing in SAHS than in normal subjects during wakefulness (15). We found a consistent greater activity in the different components of the anaerobic pathway in SAHS than in snorers: higher level of glycolytic (phosphofructokinase, GADPH), glycogenolytic enzyme activities (phosphorylase), and a greater ability to resynthesize ATP from creatine phosphate (creatine kinase). These differences in the physiological and metabolic profiles are similar to those observed after high intensity intermittent muscle training (43) , and could be accounted for by recurrent transient muscle contractions in response to repetitive loading of UA in SAHS. According to the results of previous studies (44) , the increase in the number of muscle fibers in SAHS may suggest that MU is faced up to a supramaximal resistive loading in these subjects. This is consistent with a physiological adaptive rise in MU activity to counterbalance the dramatic increase in the UA transmural pressure gradient observed in SAHS (6, 38) . Smirne et al. (19) found that type I and IIB fibers were reduced with a proportional increase in type IIA fibers in the medium pharyngeal constrictor muscle between snorers and nonsnorers. We found that this increment in the composition in type IIA fibers is further enhanced between SAHS and snorers. This difference is compatible with an increase in type HA fiber at the detriment of type HB when human skeletal muscle is exposed to a chronic increase in contractile activity (45) . Therefore, the histochemical differences in MU that we observed between apneic and nonapneic subjects are consistent with our physiologic and biochemical findings and strongly suggest that the UA muscles respond to an adaptive process such as an increase resistive loading. Using an animal model of sleep-related breathing disorders, Petrof et al. recently demonstrated that the differences in the immunohistochemical characteristics between bulldogs and control dogs were limited to the pharyngeal muscles with no differences in anterior tibialis characteristics between the two groups (46) . This suggests that the changes in UA muscle characteristics in both studies are the consequences of the chronic load of UA and are not a general muscle phenomenon. It is interesting to note that there was no relationship between the physiological or biochemical characteristics and the frequency of sleep-related breathing abnormalities. This suggests that the recurrent increases in UA dilator muscle activity that occur during the night (6) cannot, by themselves, account for our findings. The genioglossus activity is significantly higher in SAHS than in nonapneic subjects during sleep (18) and also during wakefulness ( 16) . We hypothesize that the physiological and metabolic changes observed in the present study are related to a 24-h intermittent training of UA muscles rather than exclusive nocturnal abnormalities.
Another explanation for our results refers to the influence of hypoxia on the metabolic pathways of skeletal muscle. Indeed, while the increase in muscle cross-sectional area is more likely due to a chronic increase in load applied to UA muscles, hypoxic conditions could also contribute to the development of metabolic adaptative responses. It is documented that chronic hypoxia induces an increase in skeletal muscle enzyme activities of glycolysis (27) . Transient regular desaturation episodes were observed in SAHS, but it is not known if such Sao2 decreases have similar effects on metabolic pathways than chronic hypoxia. However, it can be hypothesized that in SAHS, recurrent episodes of hypoxemia every night could further enhance the anaerobic metabolism and, therefore, contribute to the observed increase in the anaerobic metabolic capacity. It is interesting that one SAHS patient whose sleep-related breathing disorders led to sleep fragmentation without a decrease in Sao2 had the lowest anaerobic enzyme activities (Fig. 2) 1 g and 49.5 g, respectively) . Therefore, high intensity intermittent muscle training and nocturnal hypoxemia may contribute separately to our findings. An important observation is that snorers and SAHS did not differ in terms of in vitro resistance to fatigue. The similarity in muscle fatigue was expected on the basis of a recent study that demonstrated a close relationship between citrate syntase activity level and muscle resistance to fatigue (47) . It, therefore, appears very unlikely that the occurrence of obstructive breathing disorders could be explained by the presence of mechanical failure such as the development of muscle fatigue in mild to moderate SAHS.
From our results we conclude that, in SAHS, MU undergoes an adaptive process in response to chronic hyperstimulation and that sleep-related breathing disorders are not the consequence of muscle incompetence or fatigue. Further studies will have to determine if similar differences in muscle characteristics also exist in other UA dilators or in more severe SAHS patients. According to our findings, electrical stimulation during sleep (48) may not represent a logical approach in the treatment of SAHS, since it would further increase the muscle stress of an already hyperstimulated muscle and could decrease its performance and induce excessive muscle fatigue (49) .
